incubation and can be overcome with time. The activated state is not reversed upon incubation of the washed membranes at 300, even in the presence of GTP, or by solubilization with nonionic detergents. Also, Gpp(NH)p can directly stimulate the control, solubilized enzyme. The activated state of the solubilized enzyme persists upon specific adsorption to and subsequent elution from an organomercurial-agarose column. It is suggested that after forming reversible Michaelis complexes of relatively low affinity, these analogs may react irreversibly with the GTP regulatory site of the enzyme, perhaps forming p-(NH)p-and p(CH2)p-covalent enzyme intermediates which capture the activated state of the enzyme. GTP, after binding, may normally activate the enzyme by forming a "labile" pyrophosphoryl enzyme intermediate, and hormone receptors may function to increase the rate of formation (and thus concentration) of this active state of the enzyme.
There is considerable evidence that stimulation of adenylate cyclase activity [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] by a variety of hormones is enhanced or facilitated by the interaction of GTP with noncatalytic, regulatory sites on the enzyme (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Although GTP has only minimal or no stimulatory effects in the absence of hormones, the analog of GTP, 5'-guanylyliminodiphosphonate [Gpp(NH)p], stimu- lates the enzyme in the presence or absence of hormones in a variety of tissues (12) (13) (14) (15) . With this analog, enzyme activity is enhanced to levels very much greater than are observed with GTP plus hormones, or with sodium fluoride, especially if it is used in combination with hormones. The evidence indicates that Gpp(NH)p and GTP are acting at a common Abbreviations: Gpp(NH)p, 5'-guanylyliminodiphosphonate; App(NH)p, 5'-adenylyliminodiphosphonate; Gpp(CH2)p, 5'-guanylylmethylenediphosphonate; cANIP, 3': 5'-adenosinemonophosphate.
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site which is distinct from the catalytic site and which is intimately involved in the regulation of hormonal activation (12) (13) (14) (15) . The present studies indicate that the stimulatory effects of Gpp(NH)p as well as of Gpp(CH2)p, unlike those of GTP, are essentially irreversible and suggestive of the existence of covalent enzyme-substrate intermediates.
MATERIALS AND METHODS
[a-32P]ATP (10-20 Ci/mmol) was synthesized by the method of Symons (16, 26) . Organomercurial-agarose was prepared by coupling (in 30% dimethylformamide) p-aminophenylmercuric acetate to Sepharose-4B with CNBr (17) . Adenylate cyclase activity was determined (18, 26) (Fig. 3) . The Fat pad membranes were either assayed directly in the presence and absence of Gpp(NH)p, or first incubated with Gpp(NH)p for 10 min at 300 in 50 mM Tris-HC1, pH 7.8. In the latter procedure, the membranes were washed two times with large volumes of ice-cold Trism HOl buffer (Fig. 1) (Table 5) . Furthermore, a timeand temperature-dependent, but hormone-independent, acti- (Fig.  4) . After washing (240) of the column with detergent, the enzyme, still in the activated state, can be eluted in good yield with dithiothreitol.
DISCUSSION
The data presented here and elsewhere (12) (13) (14) (15) indicate that Gpp(NH)p and Gpp(CH2)p interact at the same site as GTP, although the properties of these analogs are very different from those of GTP. Nearly maximal enzyme activation by these analogs can occur in the absence of hormones, although the rate of this activation is clearly enhanced by hormones. Unlike the effects of GTP, the stimulatory effects of Gpp-(NH)p and Gpp(CH2)p persist unabated after thorough washing of the membranes. Organomercurial-agarose chromatography of adenylate cyclase solubilized with Lubrol PX from fat pad membranes previously stimulated by incubation with Gpp(NH)p. The membranes from the fat pads of four rats were suspended in 1 ml of Krebs-Ringer-bicarbonate buffer, pH 7.4, incubated for 20 min at 300 with 0.2 mM Gpp(NH)p, and washed. The pellet was suspended (40) in 2 ml of Krebs-Ringer-bicarbonate and solubilized with 1% Lubrol PX ( Table 5 ). The solution (2.2 mg of protein per ml), after adjustment with ATP to 1 mM, was applied at 240 to a 1.5 ml column containing p-aminophenylmercuric acetate-agarose diluted 1: 3 with unsubstituted agarose. The effluent fractions (nos. 1-6) were adjusted with dithiothreitol to 20 mM and placed at 4°. The column was washed (nos. 6-11) with Krebs-Ringer-bicarbonate, 0.5% Lubrol PX, 0.1% albumin, and eluted with the same buffer containing 20 mM dithiothreitol. Fractions of 20 1Al were assayed. The total activity applied was 54 pmol of cAMP per min, while that recovered on elution was 41 pmol/min.
The evidence suggests that Gpp(NH)p and Gpp(CH2)p are acting by a mechanism which involves a specific, irreversible chemical reaction. The stimulation is time-dependent and very sensitive to temperature. Virtually no activation occurs at 40, even with very high analog concentrations, and whether or not the membranes are subsequently washed and incubated at higher temperatures before assay. Thus, "binding" alone would seem to be insufficient for activation. More importantly, the stimulated state persists after removal of the free compounds by thorough washing and incubation (at 300) of the membranes, even in the presence of high concentrations of GTP, which presumably "binds" to the same site. If activation were to depend simply on binding of the analog, the complex would have to display an extraordinarily slow rate of "dissociation," and hence an equally extraordinarily high 'apparent affinity." Unless an irreversible process occurs after initial binding, it is most difficult to reconcile such a high "affinity" for the overall process with the rather high analog concentrations required to achieve a maximal rate of activation and with the slow nature of this rate.t Furthermore, the analog apparent "affinity" varies with time, and the inhibition by GTP is readily overcome with time, observations most consistent with an irreversible process occurring after binding. Membranes from eight fat pads were suspended in 50 mM Tris-HCl, pH 8, and incubated for 20 min at 30°with no additions (control) or with 0.1 mM Gpp(NH)p. After the membranes were washed two times (Fig. 1 ) they were suspended in 0.5 ml of Tris. HCl, pH 8, adjusted to 1% Lubrol PX, and sonicated three times for 1 sec. The suspension was then adjusted with MgCl2 to 6 mM and albumin to 0.015% and centrifuged for 40 min at 40,000 X g (18) . The supernatant was assayed in the presence and absence of NaF.
a Picomoles of cAMP/min per mg of protein, mean 4-SEM.
In addition, the stimulated state is maintained upon solubilizing with detergents. Activation persists when the solubilized enzyme is selectively adsorbed to, washed extensively with detergent, and eluted from an organomercurial affinity column run at 240.
The irreversible nature of Gpp(NH)p and Gpp(CH2)p activation of adenylate cyclase calls for caution in interpreting values for the "K." of these analogs, of competitive substances (e.g., GTP), and of hormones that affect the reaction. When Gpp(NH)p is added directly to the adenylate cyclase assay mixture, the effects, although dramatic, are understandably complex (12) . Since the rate of activation is slow and temperature-and hormone-dependent, it is clear why a "lag" should occur, and why this lag is diminished by hormones or higher temperatures. Also, in the assay inhibition by other nucleotides may occur, and it is difficult to discern which process is affected by certain agents (e.g., hormones, Mg++). These complexities are simplified by incubating (and washing) prior to assay under standard conditions.
What may the chemical nature of the reaction of adenylate cyclase with Gpp(NN)p and Gpp(CH2)p be? The specificity, persistent nature, and other properties of the activation suggest that, after the initial binding (probably of low affinity), these analogs are covalently reacting with the GTP regulatory site by a reaction that can be uniquely distinguished from the the GTP reaction by the greater stability of the bonds formed. Although the terminal, gamma phosphate moiety of Gpp-(NH)p is chemically at least as labile as that of GTP (21, 22) , and it can serve as a substrate for enzymes such as alkaline phosphatase (21) (1, 24) , the possibility of an enzyme-guanosine or enzyme-GAIP inter-
